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Abstract: Different dimensional carbon nanofillers, such as carbon nanotubes (CNTs), graphene 
nanoplatelets (GNPs) and carbon black (CB), are often incorporated into polymers in a hybrid form to 
fabricate multifunctional nanocomposites. In this paper, biaxial stretching of binary carbon nanofiller 
reinforced high density polyethylene (HDPE) nanocomposites was carried out at various stretching ratios 
in order to investigate the influence of carbon nanofillers on material deformation behaviour and the 
influence of biaxial deformation on the structure and properties of the deformed material. It is shown that 
the strain hardening behaviour of nanocomposites upon biaxial stretching is gradually enhanced with 
increasing aspect ratios of the nanofillers. The deagglomeration and reorientation of nanofillers in the 
polymer matrix can be observed during deformation. Furthermore, biaxial stretching significantly affects 
the final tensile, electrical and barrier properties of the deformed nanocomposites, depending on the 
components of carbon nanofillers introduced. The stretched HDPE/GNP/CNT and HDPE/GNP/CB 
nanocomposites exhibit greatly improved tensile and barrier properties. 
Keywords: Carbon nanotubes; Graphene nanoplatelets; Carbon black; Nanocomposites; Biaxial 
stretching 
1. Introduction 
The mechanical, electrical and gas barrier properties of polymers can be improved with the addition 
of carbon nanofillers, such as CB, CNTs and GNPs [1,2]. In order to achieve lower cost or better 
properties, carbon nanofillers with different dimensions may be introduced into polymers in binary 
combinations. To date, a significant body of work has been published on the preparation and 
characterization of polymer composites filled with unary and binary carbon nanofillers, but much less 
work has been published on the influence of the incorporation of carbon nanofillers on the material 
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processability and on the influence of processing on the structuring and properties of the polymer/carbon 
nanofiller nanocomposites [3,4]. Biaxial elongation is an important deformation mode, typical of many 
free surface moulding processes such as thermoforming, blow moulding and blown film extrusion [5]. 
Although some recent studies assess the effect of biaxial deformation on polymer/CNT composites [2–6], 
almost no research has been published on the biaxial deformation of polymer composites filled with 
binary carbon nanofillers. In this work, the biaxial stretching of binary carbon nanofiller reinforced HDPE 
nanocomposites was carried out at various stretching ratios (SR) in order to investigate processing-
property relationships of material. This study provides valuable guidance for the processing and property 
optimization of polymer/carbon nanofiller composites. 
2. Experimental 
High density polyethylene (HTA-108) was sourced from ExxonMobil. Multi-walled carbon 
nanotubes (NC7000, aspect ratio ≈ 150) with an average length of 1.5 µm and a nominal diameter of 9.5 
nm were kindly supplied by Nanocyl SA. Graphene nanoplatelets (xGnP-15, aspect ratio ≈ 2000) with 
an average thickness of 6~8 nm and an average diameter of 15 µm were purchased from XG Sciences. 
Carbon black (Ketjenblack ECP600JD, aspect ratio = 1) obtained from AkzoNobel has an average 
diameter of 68 nm and a porous structure (surface area = 1400 m2/g). The HDPE powder was 
mechanically premixed with binary nanofillers at a total loading of 4 wt% (nanofiller weight ratio = 1:1), 
then the dry blends were melt mixed in a Collin ZK 25 twin-screw extruder. The extruded 
nanocomposites were pelletized and compression moulded (CM) using a Collin P200P platen press at 
200 ℃ into sheets. The CM sheets were simultaneously-biaxially stretched (BS) at a strain rate of 4/s and 
a stretching temperature of 131℃ with increasing SRs of 2, 2.5 and 3 using the Queen’s Biaxial Stretcher 
[5] (SR of 1 refers to the CM samples). 
The structure of nanocomposites was examined via a JEOL 6500F FE-SEM after the samples were 
plasma etched (STS Cluster C005) and gold sputtered. Tensile tests were carried out for the samples using 
an Instron 5564 Universal Tester (BS EN ISO 527:1996). Volume resistivity testing for samples with a 
high resistivity (>105 Ω·cm) was conducted using a Keithley 6517A electrometer equipped with a 
Keithley 8009 resistivity test fixture (ASTM-D257). For more conductive samples (≤105 Ω· cm), a two-
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point probe method was applied using a Keithley DMM 2000 multimeter. Barrier properties of samples 
were investigated using an oxygen gas permeability test with a Labthink VAC-V1 gas permeability tester 
(GB/T1038-2000). 
3. Results and Discussion 
Fig. 1 shows the structures of the CM and BS composites. In Fig. 1, the GNPs are aligned parallel to 
the surface of the stretched HDPE/GNP/CNT and HDPE/GNP/CB composites after biaxial stretching at a 
SR of 3, and the CNTs are disentangled and randomly oriented in the stretched HDPE/GNP/CNT and 
HDPE/CB/CNT composites. By comparing the morphologies of the unstretched and stretched composites 
in Fig. 1, it can be seen that the carbon nanofillers are dispersed more uniformly for all the binary carbon 
nanofiller reinforced composites after biaxial stretching. 
The effect of binary carbon nanofillers on the deformation behaviour of the composites during 
biaxial stretching is shown in Fig. 2a. An obvious strain hardening behaviour is observed for all the 
composites, which indicates that the deformation stability and thus processability of material are 
improved with the incorporation of nanofillers. The composite containing 2 wt% GNPs and 2 wt% CNTs 
shows the highest stress during deformation due to the high aspect ratios of GNPs and CNTs. The yield 
stress and ultimate stress of the HDPE/GNP/CNT composite increased by about 355% and 440% 
respectively upon stretching, compared to the neat HDPE. 
The tensile properties of the composites versus SRs are shown in Fig. 2b and c. One can see that the 
Young’s modulus (  ) of the CM composites is greatly improved with the introduction of carbon 
nanofillers, while their stress at break ( ) is reduced. Fig. 2b shows that the   of the stretched 
composites increases steadily with increasing SRs due to the deagglomeration and reorientation of 
nanofillers. Additionally, the   of all the stretched binary carbon nanofiller reinforced composites is 
significantly increased, particularly for the stretched HDPE/GNP/CB composites (Fig. 2c).  and  also 
increase for the neat HDPE samples up to a SR of 2.5 after which they drop off. This drop is likely to be 
due to the relaxation of polymer chains prior to solidification which is not observed in the nanocomposite 
samples due to restricted molecular mobility imposed by the oriented nanofillers [6]. Table 1 shows that 
the HDPE/GNP/CNT composites exhibit the greatest reinforcement in  due to the high aspect ratios of 
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GNPs and CNTs, while the HDPE/GNP/CB composites exhibit the greatest reinforcement in   after 
biaxial deformation due to the high aspect ratio of GNPs and the intensive deagglomeration of CB. At a 
SR of 3, the   of the HDPE/GNP/CNT composite increased by about 65% and the  of the 
HDPE/GNP/CB composite increased by about 256%, compared with the unfilled HDPE (Table 1). 
The variations in the resistivity of the BS composites with increasing SRs are shown in Fig. 3a. The 
resistivity of the unstretched HDPE/GNP/CNT and HDPE/CB/CNT composites decreases by 14 and 15 
orders of magnitude respectively compared to the unstretched HDPE, while that of the unstretched 
HDPE/GNP/CB composite only decreases by 4 orders of magnitude. It is clear that the presence of 1-
dimensional CNTs better facilitate the formation of a conductive network with more interlacing. It can be 
observed in Fig. 3a that the resistivity of stretched HDPE/GNP/CB composites at all the SRs remains at a 
high level. The resistivity of the HDPE/GNP/CNT composites increased by 9 to 10 orders of magnitude 
after biaxial stretching. This is due to the distance between the GNPs and CNTs being higher than the 
critical maximum distance (1.8 nm [7]) for electron hopping after biaxial deformation. It appears that the 
conductive network in the stretched HDPE/CB/CNT composites is more robust than that in the stretched 
HDPE/GNP/CNT composites, even though the GNPs have much higher aspect ratio than CB. This may 
be attributed to a synergistic effect between the CNTs and CB, in which the oriented CNTs provide 
charge transport over large distances and the dispersed CB nanoparticles bridged the CNTs through 
charge transport over small distances [8]. 
The oxygen permeability coefficient () of the CM and BS samples at a SR of 3 was measured to 
investigate the effect of binary nanofillers and biaxial stretching on barrier properties, as shown Fig. 3b. 
The  of unstretched HDPE/CB/CNT composite shows a slight decrease of around 10% compared with 
the neat HDPE. However, the  of both unstretched HDPE/GNP/CNT and HDPE/GNP/CB composites 
significantly decreased by about 35% due to the presence of GNPs which have a very high aspect ratio 
and typical 2-dimensional structure resulting in an increased tortuosity in the diffusion path of gaseous 
molecules. The  of the stretched HDPE and HDPE/CB/CNT composite decreased by approximately 10% 
(SR = 3) probably due to increased crystallinity of the stretched samples [9]. Importantly, the   of 
stretched HDPE/GNP/CNT and HDPE/GNP/CB composites decreased by 88% and 97% respectively, 
compared with the unstretched ones. This demonstrates that the parallel alignment of GNPs to the 
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stretching surface improves the barrier property of the composites. The spherical CB served as spacers 
may facilitate the realignment and deagglomeration of GNPs in the HDPE/GNP/CB composite upon 
biaxial stretching, resulting in the lowest  (see the schematic “tortuous path” for the HDPE/GNP/CB 
composite in Fig. 3b). It should be noted that the realigned nanofillers in the stretched HDPE/GNP/CB 
composites do not improve the conductivity due to the essential difference in the mechanisms of gas 
barrier and electrical conduction. 
4. Conclusions 
Biaxial stretching of binary carbon nanofiller reinforced HDPE nanocomposites was carried out at 
various stretching ratios. It is shown that the strain hardening behaviour of nanocomposites upon biaxial 
stretching is enhanced with increasing aspect ratios of the nanofillers, greatly improving the deformation 
stability of the material. The modulus and stress at break of the stretched composites increases with 
increasing SRs due to the deagglomeration and reorientation of nanofillers, while the conductive network 
structures in the composites are destroyed to different extents during stretching due to increased 
interparticle distance. The 2-dimensional GNPs with a very high aspect ratio can greatly improve the 
barrier properties of the HDPE/GNP/CNT and HDPE/GNP/CB composites, particularly when they are 
realigned parallel to the stretching surface after biaxial stretching. Generally, the unstretched and 
stretched HDPE/GNP/CNT composites show the most balanced tensile, electrical and barrier properties. 
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Figures: 
 
   
   
Fig. 1. SEM images of CM and BS (SR = 3) binary carbon nanofiller reinforced composites: (a, d) 
HDPE/GNP/CNT; (b, e) HDPE/CB/CNT; and (c, f) HDPE/GNP/CB. 
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Fig. 2. (a) Strain-stress curves of the composites during biaxial stretching, (b) modulus and (b) 
stress at break of the composites with increasing SRs. 
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Fig. 3. Effect of biaxial stretching on the (a) resistivity and (b) permeability coefficient of the 
composites. 
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Table: 
 
Table 1. Effect of the binary carbon nanofillers on the tensile properties of composites. 
Sample SR 	 (%) 
 (%) 
HDPE/GNP/CN
T 
1 +166.9 -9.7 
2 +48.1 +18.5 
2.5 +43.2 +1.5 
3 +65.3 +186.1 
HDPE/CB/CNT 
1 +98.5 -39.8 
2 +10.5 -1.7 
2.5 +7.4 -32.6 
3 +27.6 +68.8 
HDPE/GNP/CB 
1 +82.0 -22.5 
2 +21.1 +62.5 
2.5 +15.2 +12.2 
3 +29.4 +255.6 
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• Binary carbon nanofillers reinforced HDPE composites was biaxially stretched 
(BS). 
• The composites show an evident strain hardening behaviour in biaxial 
deformation. 
• The tensile properties of BS composites are steadily improved with increasing 
SRs. 
• Conductive network structures in BS composites are destroyed to different 
extents. 
• The realigned GNPs can greatly enhance the barrier properties of BS composites. 
 
